The bonding evolution in hetero-Diels-Alder (HDA) reactions has been studied by an ELF analysis of the electron reorganization along the HDA reaction between nitroethylene 6 and dimethylvinylamine (DMVA) 9 at the B3LYP/6-31G* level. This cycloaddition takes place along a two-stages one-step mechanism. In the first stage of the reaction, the C1-C6 bond is formed by coupling of two pseudoradical centers positioned at the most electrophilic carbon of nitroethylene 6 and the most nucleophilic center of DMVA 9. In the second stage, the formation of the second O4-C7 bond takes place between a pseudoradical center positioned at the C7 carbon of DMVA and some electron-density provided by the lone pairs of the O4 oxygen. This behavior is in complete agreement with analyses of the local electrophilicity and nucleophilicity indices, and the spin density of the radical anion of nitroethylene 6 and of the radical cation of DMVA 9. Finally, a relationship between the polar character of the reaction and the regioselectivity has been established. 
Introduction
The Diels-Alder (DA) reaction is arguably one of the most powerful reactions in the arsenal of the synthetic organic chemist [1, 2] . It permits the rapid construction of six-membered carbocycles from a 1,3-butadiene, the diene, and an ethylene derivative, the dienophile, with a high stereo-and regioselectivity. The diversity of substitution which may be present in the diene and the dienophile enables the DA reaction to be one of the most important synthetic organic reactions. The synthetic utility of this reaction does not arise only from the substitution in both the diene and the dienophile, but also from the exchange of one or more carbon atoms of the π system by a heteroatom such as O, N, S, P, etc. (see Chart 1) . The corresponding DA reactions are called heteroDiels-Alder (HDA) reactions, having a significant importance because they allow for the construction of six-membered heterocycles.
(please insert Chart 1)
Usually, DA reactions take place through an one-step mechanism. Only, in the singular cases in which the substitution allows for a stabilization of feasible biradical or zwitterionic intermediates, the reaction becomes stepwise. One-step mechanisms can take place through synchronous or asynchronous σ bond-formation processes.
Electron localization function [3] [4] [5] [6] (ELF) analysis of bonding along the intrinsic reaction coordinate (IRC) of the DA reaction of cyclopentadiene (1, Cp) with ethylene (2) , which is classified as a non-polar Diels-Alder (N-DA) reaction [7] , indicates that this synchronous σ bond-formation process takes place according to the following pattern (see Figure 1 ) [8] : i) breaking of the three π bonds present in 1 and 2; ii) formation of two pseudodiradical species; iii) formation of the two new σ bonds by coupling of two pseudodiradical species, and iv) formation of the new C-C π bond present in cycloadduct (CA) 3 at the end of the reaction. It is interesting to remark that the transition state (TS) structure associated with this N-DA reaction is located at the end of phase i; consequently, the C-C bond formation has not started yet in the TS. This picture makes possible to rule out any concerted bond-breaking and bond-formation processes as proposed by the pericyclic model in which they would take place concurrently around a cyclic electron rearrangement.
(please insert Figure 1)
However N-DA reactions do not have any synthetic interest due to the drastic experimental conditions demanded as a consequence of the high activation energy associated with the formation of these pseudodiradical species [8] . The presence of electron-withdrawing substituents in the dienophile, such as 1,1-dicyanoethylene (4, DCE), favors DA reactions by lowering the activation energy [9] . The corresponding acceleration is related with the polar character of the reaction, allowing for the classification of polar Diels-Alder (P-DA) reactions [7] . This substitution breaks the symmetry of the dienophile, making the C−C σ bond formation asynchronous [9] .
ELF bonding analysis along the P-DA reaction of Cp 1 with DCE 4 indicates that the bond formation takes place through a two-stages one-step mechanism. The two C-C σ bonds are formed according to the following pattern (see Figure 2 ) [10] : i) breaking of the three π systems in both Cp 1 and DCE 4; ii) formation of the pseudoradical centers at the most nucleophilic center of Cp 1 and the most electrophilic center of DCE 4; iii) formation of the first C-C σ bond by coupling of the electron-density accumulated at these pseudoradical carbons; iv) formation of the π system at the Cp framework and concentration of electron-density at the two carbon atoms to form two new pseudoradical centers; and v) formation of the second C-C σ bond by coupling of the electron-density accumulated at these carbons. In P-DA reactions the changes in electron-density are favored by the charge transfer (CT) which takes place from the nucleophile, Cp 1, to the electrophile, DCE 4. This CT begins at an earlier step of the reaction, at ca 3.0 Å, and increases along the reaction until the formation of the first C-C σ bond is finished. Note that the CT at the asynchronous TS of this reaction, which is located at phase iii before forming the first C-C σ bond, is 0.28e. Thus, the observed acceleration in P-DA reactions with the increase of the CT can be related with the feasibility of formation of the corresponding zwitterionic pseudodiradical species involved in the C-C bond formation [10] .
(please insert Figure 2)
In 1999, we studied the effects of the electron-releasing substitution on the dipolarophile in the HDA reactions of electrophilic nitroethylene 6 with three ethylenes of increasing nucleophilicity: propene 7, methyl vinyl ether 8, and dimethylvinylamine (DMVA) 9 (see Scheme 1) [11] . A good correlation between the acceleration of the reaction and the polar character of the TS was established. The polar character measured by the CT at the TS of the reaction no only accelerates the reaction but also increases the endo stereo and ortho regioselectivity [11] .
(please insert Scheme 1)
We have recently studied the changes in bonding along N-DA [8] and P-DA [10] reactions given in Figures 1 and 2 . Herein, we present an ELF analysis of the electronreorganization along the most favorable endo/ortho reactive channel associated with the HDA reaction between nitroethylene 6 and DMVA 9, which corresponds to the most P-DA reaction of the series given in Scheme 1 [11] . The purpose of this paper is to shed light on the electronic changes during HDA reactions, and to provide new insight into the answer this question: how does the C-O bond in HDA reactions take place, and which is the origin of the asynchronicity in bond-formation and regioselectivity?; in other words, the question is how electrons flow during the reaction?.
Computational Methods
DFT calculations were carried out using the B3LYP [12, 13] exchange-correlation functionals, together with the standard 6-31G* basis set [14] . The optimizations were carried out using the Berny analytical gradient optimization method [15, 16] . The stationary points were characterized by frequency calculations in order to verify that TSs have one and only one imaginary frequency. The IRC [17] paths were traced in order to check the energy profiles connecting each TS to the two associated minima of the proposed mechanism using the second order González-Schlegel integration method [18, 19] . The electronic structures of stationary points were analyzed by the natural bond orbital (NBO) method [20, 21] and by the ELF topological analysis, η(r) [3] [4] [5] [6] . The ELF study was performed with the TopMod program [22] using the corresponding monodeterminantal wavefunctions of the selected structures of the IRC. All calculations were carried out with the Gaussian 03 suite of programs [23] .
The global electrophilicity index [24] , ω, is given by the following simple expression [24] [25, 26] . Recently, we have introduced an empirical (relative) nucleophilicity index [27, 28] , Ν, based on the HOMO energies obtained within the Kohn-Sham scheme [29] , and defined as Ν = E HOMO (Nu) -E HOMO (TCE). The nucleophilicity is referred to TCE, because it presents the lowest HOMO energy in a large series of molecules already investigated in the context of polar cycloadditions. This choice allows us conveniently to handle a nucleophilicity scale of positive values [28] . Local electrophilicity indices [30] , k ω , and the local nucleophilicity indices [31] , Ν k , were evaluated using the following expressions: and electrophilic attacks, respectively [32] .
Results and Discussion
This study is divided into four parts: i) first, an analysis of the stationary points involved in the ortho and meta regioisomeric channels associated with the endo approach of DMVA 9 to nitroethylene 6 is performed; ii) then, an analysis of the reagents based on the DFT reactivity indices will be completed in order to state the reactivity and regioselectivity in this HDA reaction; iii) thereafter, a complete ELF analysis along the most favorable endo/ortho reactive channel associated with the HDA reaction between nitroethylene 6 and DMVA 9 will be performed to analyze the changes in bonding; iv) finally, an analysis of the factors controlling the asynchronicity in bond-formation and regioselectivity in this HDA reaction will be carried out.
1) Analysis of the stationary points involved in the two regioisomeric channels
associated with the endo approach of dimethylvinylamine 9 to nitroethylene 6.
Analysis of the stationary points involved in the HDA reaction between nitroethylene 6 and DMVA 9 indicates that this cycloaddition takes place via a one-step mechanism through a high asynchronous TS. Details of energies and structures of the stationary points are not discussed here. A detailed discussion is found in ref 7. The most relevant features of the endo regioisomeric TSno and TSnm are given in Figure 3 .
(please insert Figure 3)
Some relevant characteristics of these TSs must be pointed out: i) the most favorable ortho TSno presents a low activation energy, 4.7 kcal/mol, as a consequence of the strong electrophilic character of nitroethylene 6 and the strong nucleophilic character of DMVA 9 (see later). Note that the N-DA reaction between Cp 1 and ethylene 2 presents a very high activation energy: 19.9 kcal/mol [8] ; ii) the regioisomeric meta TSnm presents a very high activation energy, 29.2 kcal/mol, i.e., TSnm is 24.5 kcal/mol higher in energy than TSno; iii) both regioisomeric TSs present a high asynchronicity: ∆l(TSno) = 0.89 Å and ∆l(TSnm) = 1.29 Å, where ∆l=(d1-d2) (d1 and d2 are the lengths of the two forming bonds); iv) while the bond-formation begins at the most favorable ortho TSno at the C1 carbon atom of nitroethylene 6, at the most unfavorable regioisomeric meta TSnm it begins at the O4 oxygen; and v) the CT at the most unfavorable meta TSnm, 0.50e, is higher than that at the most favorable ortho TSno, 0.41e.
2) Analysis based on DFT reactivity indices.
Studies carried out on cycloaddition reactions have shown that the indices defined within the conceptual DFT [33, 34] are powerful tools for analyzing the reactivity and the regioselectivity in polar reactions. The static global properties, namely electronic chemical potential µ , chemical hardness η, global electrophilicity ω, and global nucleophilicity, N, for nitroethylene 6 and DMVA 9 are displayed in Table 1, while their local properties are presented in Table 2 . The electronic chemical potential of nitroethylene 6, µ = -5.33 eV, is below the electronic chemical potential of DMVA 9, µ = -1.87 eV, thereby indicating that in a polar process, the net CT will take place from DMVA 9 to the electron-deficient nitroethylene 6, in clear agreement with the CT observed at the TSs.
Nitroethylene 6 has a high electrophilicity index, ω = 2.61 eV, being classified as a strong electrophile within the electrophilicity scale [35] . Nitroethylene 6, is one of the most electrophilic species of the monosubstituted ethylene series. On the other hand, nitroethylene 6 presents a nucleophilicity index of N = 1.07 eV, being classified as a marginal nucleophile [36] .
DMVA 9 has a very low electrophilicity index [24] , ω= 0.27 eV, being classified as a marginal electrophile within the electrophilicity scale. On the other hand, 9 presents a very high nucleophilicity index [27, 28] , N = 3.99 eV, being classified as a strong nucleophile. Note that DMVA 9 is the most nucleophilic dienophile of Scheme 1 (see Table 1 ). Therefore, the electrophilicity difference between the heterodiene 6 and the electron-rich dienophile 9, ∆ω = 2.34 eV, which has been proposed as a measure of the polar character of DA reactions involving simple molecules [35] kcal/mol [35] .
The local electrophilicity [30] , k ω , and nucleophilicity [31] , N k , indices can be used to measure the distribution of the global electrophilicity and nucleophilicity at the different atomic sites of a molecule, and thus state the local reactivity. Along a polar reaction involving asymmetric reagents, the most favorable reactive channel is that involving the initial interaction between the most electrophilic and nucleophilic center of both reagents. Analysis of the local electrophilicity k ω in the asymmetric nitroethylene 6 shows that the most electrophilic center of this molecule corresponds to the C1 carbon, ω C1 = 0.73 eV, although the nitrogen and the oxygen atoms belonging to the NO 2 group also present a strong electrophilic activation, ω N3 = 0.61 eV, ω O4 = 0.57 eV and ω O5 = 0.50 eV. The most nucleophilic activated centers of DMVA 9 are the C6 carbon, N C6 = 1.64 eV, and the N8 nitrogen, N N8 = 1.54 eV. Therefore, the most favorable reactive channels will be those involving the participation of the C1 carbon of nitroethylene 6 and the C6 carbon of DMVA 9, in clear agreement with the total regioselectivity observed.
3) ELF bonding analysis along the IRC path of the HDA reaction between nitroethylene
6 and DMVA 9.
Recent theoretical studies have shown that the topological analysis of the ELF along the reaction path associated with a cycloaddition is a valuable tool for understanding the bonding changes along the reaction path [8, 10, [37] [38] [39] [40] [41] [42] [43] . Consequently, a topology analysis of the ELF along the IRC of the most favorable endo/ortho channel associated with the HDA reaction between nitroethylene 6 and DMVA 9 was performed in order to understand the asynchronous bond-formation in this HDA reaction. The N populations of the more relevant ELF valence basins in different phases along the IRC are listed in Table 3 . A schematic picture of the bonding changes along the different phases involved in this HDA reaction is given in Figure 4 , while the attractor positions and atom numbering for the most relevant points are shown in Figure 5 . Table 3 . Valence basin populations N calculated from the ELF of some selected points associated with the asynchronous formation of the C1-C6 and O4-C7 σ bonds along the HDA reaction between nitroethylene 6 and DMVA 9. The CT along the IRC is also included.
(please insert Figure 4) (please insert Figure 5) ELF analysis of nitroethylene 6 shows two disynaptic basins V(C1,C2) and V'(C1,C2) associated with the C1-C2 double bond, whose electronic populations integrate 1.77e and 1.78e, one disynaptic basin V(C2,N3), integrating 2.79e, and two disynaptic basins V(N3,O4) and V(N3,O5), integrating 1.73e and 1.70e. Finally, nitroethylene 6 also shows four monosynaptic basins V(O4), V'(O4), V(O5) and V'(O5), each one integrating ca 2.8e, associated with the lone pairs present at the O4 and O5 oxygen atoms. On the other hand, DMVA 9 presents two disynaptic basins, V(C6,C7) and V'(C6,C7), associated with the C6-C7 double bond, whose electronic populations integrate 1.87e each one, one disynaptic basin V(C7,N8), integrating 2.35e, and one monosynaptic basin V(N8), associated with the lone pair at the N8 nitrogen, whose electronic population integrates 1.68e.
Analysis of ELF basin populations along the IRC of the HDA reaction between nitroethylene 6 and DMVA 9 allows for the characterization of ten phases (see Table 3 and Figure 4 CT process is associated with the formation of the first C1-C6 σ bond. After passing phase VIII, the CT decreases as a consequence of a retro-donating process associated with the formation of the second O4-C7 σ bond.
4) Factors controlling the asynchronicity in bond formation and the regioselectivity in
the HDA reaction between nitroethylene 6 and DMVA 9.
What is the origin of the asynchronicity in bond formation and the regioselectivity in this HDA reaction? ELF analysis along the most favourable endo/ortho reaction path associated with the HDA reaction between nitroethylene 6 and DMVA 9 shows an asynchronous C−C and C−O bond formation. Points of ELF belonging to phase V of this HDA reaction are similar to those found at phase V of the IRC of the P-DA reaction between Cp 1 and DCE 4 (see Figure 2 in reference 6). These points, which are characterized as zwitterionic pseudodiradical species [10] , present two monosynaptic basins at C1 and C6 carbons of nitroethylene 6 and DMVA 9, respectively. Note that these centers correspond to the most electrophilic and the most nucleophilic centers of these molecules as indicated by the local electrophilicity ω k and local nucleophilicity N k indices. We have recently suggested that some of the electron-density that integrates these monosynaptic basins comes from the CT process [10] .
In the extreme case of transferring an amount of an electron density equivalent to one electron, nitroethylene 6 becomes a radical anion, and DMVA 9 becomes a radical cation. Analysis of the atomic spin density at the radical anion of nitroethylene 6
indicates that the spin density is mainly located at the C1 carbon, 0.49e, while that at the radical cation of DMVA 9 is located at the C6 carbon atom, 0.69e (see Figure 6 ).
Consequently, the asymmetric distribution of electron-density in the nitroethylene and the DMVA moieties, achieved through the CT process along the polar cycloaddition is responsible for the formation of the C1 and C6 monosynaptic basins along the most favourable ortho pathways, and thus for the asynchronous bond formation.
(please insert Figure 6 )
Accordingly, it appears that along a polar cycloaddition, the CT that takes place from the nucleophile towards the electrophile favours the electron-reorganization required to reach the formation of the monosynaptic basins in both the nucleophile and the electrophile. Then, the most favourable regioisomeric channel is that involving the bond formation between these pseudoradical centers. Thus, the asymmetric formation of these pseudoradical centers in the two reagents is responsible for the regioselectivity observed in P-DA reactions.
In spite of the few cases given in Scheme 1, a very good correlation between the CT at the most favourable endo/ortho TS and the regioselectivity measured by ∆∆E (TSmTSo) is found (see Figure 7a) . In this series, the increase of regioselectivity can be also related to the nucleophilic character of the dienophile which increases in the order:
propene 7 (N = 2.32 eV) < methyl vinyl ether 8 (N = 3.20 eV) < DMVA 9 (N = 3.99 eV) (see Figure 7b and Table 1 ). Therefore, a good relationship between the polar character of these HDA reactions and the regioselectivity can be established.
(please insert Figure 7 )
Conclusions
The bonding evolution in HDA reactions has been studied by an ELF analysis of the electron reorganization along the HDA reaction between nitroethylene 6 and DMVA 9 at the B3LYP/6-31G* level. This reaction takes place along a two-stages one-step mechanism (see Figure 8 ). In the first stage of the reaction, the C1-C6 bond is formed by coupling of two pseudodiradical centers positioned in the most electrophilic carbon of nitroethylene 6, the C1 carbon, and the most nucleophilic center of DMVA 9, the C6 carbon (see bonding changes between phases V and VI in Figure 8 ). These pseudodiradical centers appear to be reached by the CT that takes place along the approach of the nucleophile to the electrophile, which reaches a maximum value with the formation of the first C-C bond (see the increase of CT between phases V and VI in Figure 8 ). This behavior is in complete agreement with the analysis of spin density of the radical anion of nitroethylene 6 and that of the radical cation of DMVA 9.
In the second stage of the reaction the formation of the second O4-C7 bond between the pseudoradical center positioned at the C7 carbon of DMVA and some electron-density provided by the lone pairs of the O4 oxygen takes place (see bonding changes between phases IX and X in Figure 8 ). Along the O4-C7 bond formation, which occurs at the end of the cycloaddition, a retro-donation takes place from the nitro O4 oxygen (see the decrease of CT between phases IX and X in Figure 8 ).
The electron-reorganization at the zwitterionic pseudoradical species generated by the CT process along these polar reactions, which is similar to that shown by the radical anion of the electrophile and the radical cation of the nucleophile, accounts for the regioselectivity in P-DA reactions involving asymmetric electrophilic and nucleophilic species. The most favorable regioisomeric channels are those associated with the most favorable C-to-C coupling at the zwitterionic pseudoradical species.
(please insert Figure 8 Figure 8 . Schematic representation of the most relevant phases involved in the C1-C6 and O4−C7 bond formation in the two-stages one-step mechanism of the HDA reaction between nitroethylene 6 and DMVA 9. The CT and its direction (bold arrow) are represented in blue, while the C-to-C and O-to-C coupling between pseudoradical centers are given single-headed light green arrows.
